Turkey has nearly 36,000 ha greenhouse area, of which 96% is used for vegetables production. Soilless cultivation started on a commercial basis in the 1990's and total area is estimated as 244.5 ha in 2009. Growers prefer to use open systems due to their high adaptability to the farmers' conditions, but it is evident that switching over to closed systems is needed if potential environmental problems might be encountered in intensive greenhouse areas in the future. Although soilless cultivation techniques are generally used for tomato (Solanum lycopersicum L.) and blocky type pepper (Capsicum annuum L.) production at farmers' level, research on this topic is mainly focusing on tomato and cucumber production. Therefore, blocky type pepper was used as plant material in this study aimed to increase sustainability in soilless cultivation.
Material and methods

Plant material and greenhouse conditions
This study was conducted in an unheated polyethylene covered greenhouse during fall (August 22-December 26, 2002) and spring (March 12-July 10, 2003) . The tested plant material was sweet pepper (Capsicum annuum L.), specif ically the red-fruiting cultivar 4-Ever F 1 , California type. Seedlings from a commercial nursery were transferred to the substrate with a plant density of 3 plants m -2 (90 × 37.5 cm) and 6 plants in each plot. Volcanic tuff, 65% of particles sized between 1 and 3 mm, was used as substrate with a volume of 10 L plant -1 .
Treatments
Experiments were designed according to the splitsplit plots design with 3 replicates. The experimental factors were as follows: (1) cultivation system (open or closed), (2) nutrient composition (N 1 , N 2 , N 3 , N 4 ) and (3) irrigation frequency (I 1 , I 2 , I 3 , I 4 ). The main plots were assigned to cultivation system, nutrient composition and irrigation frequency were established in sub and sub-sub plots, respectively. Each sub-sub plot had 6 plants.
Complete nutrient solution was used to cover water and nutrient requirements of the plants. Concentrations of macro nutrients excluding Ca in the treatments of N 2 , N 3 and N 4 were 2, 3 and 4 fold those used in N 1 . Since Ca content of irrigation water was 100 mg L -1 , no Ca was added in the treatment N 1 ; on the other hand 30, 60 and 90 mg L -1 Ca was added in the treatments N 2 , N 3 and N 4 , respectively. Micronutrients were applied at the same dose to all treatments. Irrigation timing was based on indoor integrated solar radiation, using light-sum levels of 6, 4, 2 and 1 MJ m -2 in the treatments I 1 , I 2 , I 3 and I 4 , respectively. The amount of nutrient solution was adjusted according to keep a drainage volume between 20 and 30% of total supply.
In the treatments operated as open systems, plants were fed from the four different tanks (N 1 , N 2 , N 3 , N 4 ) regardless of irrigation treatment, but drained water was collected into separate tanks (4 nutrient composition * 4 irrigation frequency = 16 tanks) from each treatment. In closed system, each treatment had its own tank (4*4 = 16) and make-up solution was added to maintain original volume.
Variables measured
Yield
Total and marketable yield as harvested fruit weight and number were recorded. Deformed fruits due to parthenocarpic or affected by blossom-end rot, were classified as unmarketable.
Water use efficiency
Water use eff iciency (WUE) was determined in terms of kg of total fresh yield per m 3 of water supplied to the crop. Since all replications of each treatment had the same drainage tank, average WUE values were calculated for each treatment.
Fruit quality
Fruit samples were taken once in each production season in order to determine some fruit quality characteristics, namely diameter (cm), length (cm) and pericarp thickness (mm). Ten fruits were sampled from each treatment and analyzed for each quality characteristic. 
Statistical analysis
The obtained data were subjected to analysis of variance. Effects of macronutrient composition were evaluated by trend comparisons. Since levels of irrigation frequencies were not equally spaced, Fisher's protected least signif icant difference (LSD) test at p ≤ 0.05 were made to evaluate the effect of this treatment instead of trend comparisons.
Results
Yield
Autumn
The main effects of experimental factors (p ≤ 0.01) and three-way interactions (p ≤ 0.01) were significant in respect to total and marketable yields. Closed system led to decreased yield compared to open system, reductions averaged 17.2% and 18.4% in total and marketable yield, respectively. Percentage of marketable yield to total yield was determined as 95.2% in open system and 93.7% in closed system. In open system, total yield showed quadratic response to nutrient composition in I 1 and I 2 , and cubic response in I 3 and I 4 . In closed system, relation between total yield and nutrient composition was expressed with linear equation in I 1 , I 2 and I 3 , and cubic equation in I 4 (Fig. 1) .
Regarding the harvested total and marketable fruit number, main effects of experimental factors and interaction between cultivation systems and nutrient concentrations were signif icant (p ≤ 0.01). Number of fruits was higher in treatment N 2 in open system and N 4 in closed system. In the latter, a linear increase was detected with increased dose of nutrients (Fig. 2) .
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Total yield (kg m Among the irrigation treatments, I 1 led to decreased fruit number (Fig. 3) .
Spring
The main effects of experimental factors (p ≤ 0.01) and two-way interactions (cultivation systems * nutrient concentrations and cultivation systems * irrigation frequencies) (p ≤ 0.01) were significant in respect to total and marketable yields. In comparison to open system, closed system led to averagely 24.5 and 31.4% lower total and marketable yield, respectively. Ratio of marketable yield to total yield was 86.5% in open system and 78.5% in closed system. Total and marketable yield increased linearly with increasing nutrient concentrations in closed system. In open system, N 1 led to decreased total and marketable yields compared to the other nutrient concentration treatments, which gave similar values (Fig. 4) . Interaction of cultivation systems * irrigation frequencies indicated that I 4 and I 2 resulted in higher total yields in open and closed systems, respectively. Regarding marketable yield, I 4 gave also higher values in open system, on the other hand there were no significant differences between irrigation treatments in closed systems (Fig. 5) .
The main effects of cultivation systems (p ≤ 0.05) and nutrient concentrations (p ≤ 0.01) on the number of total and marketable fruits were significant. Twoway interactions of cultivation systems * nutrient concentrations and cultivation systems * irrigation frequencies were also signif icant (p ≤ 0.01) in this respect. Interaction between cultivation systems and nutrient concentrations was found that linear and quadratic regression curves were fitted to the numbers of fruits in closed and open systems, respectively (Fig. 6) . Regarding the interactions of cultivation systems * irrigation frequencies, there were no significant differences between irrigation treatments in closed system, while I 4 led to higher fruit numbers in open system (Fig. 7) .
Water use efficiency
Average WUE values are given in Table 1 . WUE was increased in closed system compared to open system, and average increase amounted to 29% in autumn and 43% in spring season.
Fruit quality
Autumn
The main effects of experimental factors on fruit characteristics are shown in Table 2 . There were no significant interactions in fruit quality between experimental factors. Cultivation system had a significant impact on fruit length (p ≤ 0.01) which was higher in fruit from open system compared with closed system. Nutrient concentrations affected fruit diameter and pericarp thickness signif icantly (p ≤ 0.01). The N 1 treatment decreased fruit diameter, while pericarp thickness increased by increasing concentrations of nutrients. Irrigation frequency had a significant impact on fruit diameter (p ≤ 0.05) and pericarp thickness (p ≤ 0.01). I 4 decreased fruit diameter, while pericarp thickness increased as irrigation frequency decreased.
Spring
The main effects of experimental factors on fruit characteristics are shown in Table 2 . Interactions between experimental factors were not significant. Cultivation system had a significant impact on fruit diameter (p ≤ 0.01), which was higher in open system compared with closed system. Nutrient concentrations affected signif icantly all quality characteristics (p ≤ 0.01). Fruit diameter increased with the concentration of macronutrients, while lower nutrient levels enhanced fruit length. The N 1 treatment decreased pericarp thickness.
Discussion
Closed system led to lower total and marketable yield in both production seasons compared to open system, and this effect was more obvious in spring season. This result support a previous report of Schwarz and Kuchenbuch (1998) who found that high salinity under conditions of high solar radiation restricts water uptake and plant growth in hydroponics. Although there are several reports indicating that yield reduction may occur in closed systems, in most cases the extent of the differences depend on the growing conditions; e.g. growing season, nutrition or irrigation; and may be insignificant in some cases (Uronen, 1995; Willumsen, 1995; Böhme, 1996; Gül et al., 1999 Gül et al., , 2007 Ferrante et al., 2000; Tüzel et al., 2001 Tüzel et al., , 2002 Meric, 2006) .
Results obtained in the trials showed that the yield differences between open and closed systems tended to decreased with increasing nutrient levels in both seasons. In autumn, marketable yield reduction in the closed system compared with open system was determined as 22.4, 33.9, 10.9 and 6.4% in treatments N 1 , N 2 , N 3 and N 4 , respectively. Similar results were obtained in spring season in this regard, and marketable yield was reduced in closed system compared to open system up to 44.8, 36.7, 30.4 and 16 .2% as the nutrient supply increased from N 1 to N 4 . The interactions between cultivation system and nutrient concentrations showed that treatments N 2 and N 4 provide the highest yield of blocky type pepper production in open and closed systems, respectively. These results support our previous findings that lower levels of nutrients were adequate in open system compared with closed system for tomato production in perlite (Gül et al., 2007) . It is reported that normal growth is possible when low nutrient concentrations are maintained continuously and never allowed to deplete (Adams, 1993) . Ferrante et al. (2000) , who compared different soilless growing systems, with and without nutrient solution recycling in gerbera pro- Our results showed that application of larger amounts of water at longer intervals during the day gave better results in closed system. These results are in accordance with the findings of Meric (2006) who tested irrigation programs based on indoor solar radiation levels (1.0, 2.0 and 4.0 MJ m -2 ) in tomato production. This effect may be attributed to decrease of the osmotic potential in the rhizosphere due to the movement of salts in the case of application of larger amounts of water.
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Increasing WUE in closed system have been reported by several authors (Vernooij, 1992; Van Os, 1995 Marfa, 1999; Tüzel et al., 1999 Tüzel et al., , 2001 Tüzel et al., , 2002 Tüzel and Meric, 2001; Gül et al., 2003 Gül et al., , 2007 Meric, 2006) . Results obtained in this study are in accordance with the previous reports.
Our results showed that fruit quality of sweet peppers grown in substrates depended on both nutrition and irrigation. Open system gave better results than closed system with respect to some fruit characteristics. This effect could be attributed to nutritional imbalances in closed system. Among the nutrient concentrations N 1 was not adequate to provide a balanced nutrient supply and this had a negative impact on fruit quality. In autumn, fruit external diameter which is the most common quality trait used in commercial grading of pepper fruit, decreased significantly when irrigation frequency was set to 1 MJ m -2 solar radiation interception. A similar trend was observed also with respect to pericarp thickness. Overall, our results showed that decreasing irrigation frequency improved sweet pepper fruit quality under low solar radiation levels.
Unmarketable yield consisted mainly of deformed parthenocarpic fruits, caused by low temperatures, while the occurrence of blossom-end rot was negligible. Ratio of marketable yield was lower in spring compared to autumn season. This is reasonable, since the inside temperatures recorded during the period of fruit setting were higher in the autumn trial. Negative effects of low temperatures on fruit set and fruit size of sweet peppers have been well documented. Warm night temperature (15-20°C) is essential for normal flower development and formation of well-shaped pepper fruit (Rylski, 1973; Rylski and Aloni, 1994; Pressman et al., 1998) .
Our results showed that closed hydroponic systems could be used for sweet pepper production without yield and quality losses if nutrition which is the major factor influencing the success, is properly managed. It was concluded that appropriate macronutrient concentrations in the nutrient solution supplied to closedcycle hydroponic crops of pepper are as follows (mg L -1 ): 240 N, 60 P, 300 K, 190 Ca, and 50 Mg; and irrigation timing can be based on indoor integrated solar radiation level of 4 MJ m -2 . In the case of open system, lower nutrient levels (120 N, 30 P, 150 K, 130 Ca, 25 Mg mg L -1 ) compared with closed system were found to be adequate, and irrigation events can be initiated when indoor integrated solar radiation level reaches 1 MJ m -2 .
